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Summary 
Mechanism of Action: Restriction Enzymes Interacting With 
Two Recognition Sites on DNA 
Two types of bacterial host enzymes, an endonuclease and a 
methyltransferase, dictating the infectivity of the bacteriophage, comprise the 
restriction-modification (R-M) system. Today there are about 4000 restriction- 
modification enzymes known with a variety of specificities. A growing number of 
restriction enzymes have been shown to act on two distant recognition sites on DNA. 
Although all restriction enzymes make one cut in each of the two sugar-phosphate 
backbones of the double helix, the subunit composition, co-factor requirement and 
mode of action differ. Different types of restriction enzymes have been classified 
based on the similarities and differences. The broader classification includes Types 1, 
11, I11 and IV. The Types I, I11 and IV are nucleoside triphosphate-dependent 
restriction enzymes. Type II enzymes are fbrther sub-classified based primarily on 
cleavage position with respect to recognition site into Type IIB, IIE, EIF, IIG, IIP, 11s 
and IIT. 
Chapter 1 of the thesis gives an overview of the restriction-modification 
enzymes interacting with two recognition sites on the DNA before the cieavage event. 
The chronological developments in the understanding of DNA translocation by Type 
I restriction enzymes is detailed. While electron microscopic evidence revealed DNA 
translocation by Type 1 enzymes, the Studier model for DNA cleavage by Type 1 
enzymes highlighted that any hindrance to translocation of DNA by the enzyme 
would result in cleavage activity. The proof for DNA cleavage by Type 1 restriction 
enzymes upon encountering a barrier to DNA translocation and cooperation of Type I 
enzymes belonging to two different families was provided using Holliday junction an 
linear DNA and negatively supercoiled DNA. The direct observation of DNA 
translocation and dimerisation of a Type I restriction enzyme was demonstrated using 
atomic force microscopy with EcoKI enzyme. 
The non-orthodox Type I1 systems such as Types IIE, IIF and IIS interact 
with two sites on DNA. The catalytic domain of a DNA bound Type IIS monomer 
interacts and dimerises with catalytic domain of other monomer to form a complete 
active site capable of double strand cleavage. The second recognition domain of the 
dirneric enzyme binds to another recognition site on same DNA by looping out the 
intervening DNA or a site on other DNA without looping process. The homodimeric 
Type IIE restriction enzymes initially bind to DNA through their DNA binding 
domain that interacts specifically with allosteric recognition site (activator site). This 
event is followed by conformational changes in endonuclease-like catalytic domain of 
the enzyme. Facilitated by DNA looping, the enzyme can now bind to other site on 
DNA and cleave (effector site). The Type IIF restriction enzymes are homotetrameric 
enzymes with two dimers arranged in a back-to-back fashion providing two DNA 
binding sites on opposite faces of the tetramer. The tetrameric enzyme interaction 
with two distant recognition sites on DNA is suggested to be facilitated by Iaoping sf 
the intervening DNA. These enzymes cleave both the recognition sites that the 
tetrarner binds by cleaving four DNA strands in a concerted fashion. 
Type I11 restriction enzymes require two inversely oriented, asymmetric, 
unmethylated recognition sites on same DNA molecule to introduce one double 
strand break between the two sites. Type I11 enzymes cleave 25 - 27 bp away from the 
recognition site. EcoP 151 restriction enzyme, a member of the type 111 R-M system, is 
composed of two subunits, restriction (Res, R) and modification (Mod, M) and 
recognises an asymmetric sequence, 5' CAGCAG 3'. The DNA binding domain and 
methyl donor S-adenosyl-L-methionine (AdoMet) binding domain are present only in 
the Mod subunit (75 ma). The ATPase, helicase and endonuclease domains are 
present in the Res subunit (106 kDa). The Res subunit cannot bind DNA independent 
of Mod subunit and is degraded when expressed alone. The Mod subunit alone can 
methylate DNA at the N~ position of the second adenine in the recognition site and is 
a dirner, Modz, in solution. Two inversely oriented (-3 t) unmethylated sites are the 
substrates for cleavage by type 111 restriction enzymes. The intervening sequence 
between these sites can be anywhere between 30 - 3,000 bp in length. A physical 
interaction of the enzyme molecules bound to both sites is essential for DNA 
cleavage to occur. It is proposed that ATP hydrolysis allows the interaction of the 
enzyme molecules during cleavage reaction. The presence of the methyl donor 
AdoMet has been shown to be mandatory for restriction. 
The methylation dependent Type IV restriction enzymes are GTP 
hydrolysing enzymes. For the well characterised McrBC system, the recognition 
sequence is bipartitie with a methylated cytosine, in the form of R(rn)C IN30-2000j 
R(m)C. The communication of the enzymes bound to each half site 'R(m)C' occurs in 
the presence of GTP. The GTP hydrolysis drives translocation of the intervening 
DNA and cleavage occurs on both strands at multipIe positions within the two half- 
sites. DNA cleavage of circular DNA requires only one methylated recognition site. 
The linearized form of such a circular substrate is cleaved if a Lac repressor is bound 
adjacent to the recognition site, suggesting DNA translocation rather than looping for 
interaction of enzyme molecules from distant sites. 
Analysis of EcoP151 Enzyme Interaction with Cleaved DNA 
and Its Effect on Turnover 
Several types of restriction enzymes cleave DNA away fram their recognition 
site. The cleaved DNA of these enzymes has the specific nucleotide sequence intact. 
The distance of the cleavage site from the recognition site varies from more than 1000 
bp for Type I enzymes to as less as 1 bp for some Type I1 enzymes such as Ear I. The 
enzymes apart from the recognition site also interact with the DNA adjacent to the 
site in forming a stable DNA-protein complex. Hence, the length of DNA on either 
side of the recognition site influences the binding efficiency of the enzyme to site. 
The presence of an intact recognition site on cleaved DNA upon restriction enzyme 
activity has not yet been addressed in detail. The restriction enzymes such as Type IIP 
cleaving DNA within the recognition site leave no specific binding site on the cleaved 
DNA and cannot bind specifically to cIeaved DNA. 
The data presented in Chapter 2 demonstrates that the Type I11 restriction 
enzyme EcoP15I is sequestered by the intact recognition site remaining after DNA 
cleavage. Using EcoP15I restriction enzyme cleaved, methylated and non-specific 
DNA, it is shown here that the presence of cleaved DNA with an intact recognition 
site decreases the effective concentration of the restriction enzyme - an observation 
that has implications for all restriction enzymes which cleave at a distance from their 
recognition site. In vitro restriction assays performed in presence of Exonuclease 111 
demonstrate that the Type 111 restriction enzymes depend on exonucleases to perform 
multiple rounds of catalysis and to act as efficient endonucleases. Based on the results 
obtained in this study and those of the well studied types of restriction enzymes, a 
functional evolutionary hierarchy has been proposed suggesting that product release 
after DNA cleavage, independent of exonuclease, has, in part, been the driving force 
for the evolution of efficient restriction enzymes. 
Unidirectional Translocation and a Necessary Interaction of 
EcoP15I Enzyme with DNA Ends 
According to the DNA tracking and collision mode1 proposed for Type 111 
restriction enzymes, two enzyme molecules bound to head-to-head (inverse1 y) 
oriented recognition sites perform translocation of the intervening DNA driven by 
ATP hydrolysis. The enzyme molecules eventually interact to form a collision 
(endonucIeolytic) complex. The complex introduces a double strand break 25-27 bp 
downstream of one of the sites. The requirement of head-to-head sites for cleavage 
was proposed based on different susceptibility of T3 and T7 phage genomes to 
restriction by the Type 111 restriction enzyme EcoP15I. DNA translocation by Type 
111 enzymes was proposed based on prevention of EcoPISI restriction enzyme 
cleavage activity by the presence of a Lac repressor an intervening DNA between 
head-to-head oriented sites. DNA looping was ruled out as Lac repressor would not 
have prevented interaction of enzyme molecules through ATP independent diffusion 
based looping of intervening DNA. 
SeveraI observations reported with Type 111 restriction enzymes are not in 
accordance with the proposed DNA tracking collision model. Electron microscopic 
evidence revealed DNA translocation by Type I enzymes but not by Type 111 
enzymes. ImportantIy, EcoP15I restriction enzyme shows cleavage of DNA 
containing non head-to-head oriented sites and single site. This observation has not 
been given enough significance while proposing the DNA translocation model. The 
cleavage of inversely oriented sites with no intervening DNA has been reported. The 
model does not provide any clue to predict or explain such cleavage patterns. In 
addition, the footprint of enzyme molecules bound to the recognition site prior to 
DNA cleavage, predicted by the DNA translocation model, could not be observed in 
presence of ATP. 
The results described in Chapter 3 of this thesis using DNA substrates having 
EcoP 151 recognition sites in identical and non-identical sequence context demonstrate 
that selection of cleavage sites by Type 111 restriction enzymes is not influenced by 
the sequence context of the cleavage site. On linear DNA substrates having non head- 
to-head oriented sites and single recognition site, Type 111 restriction enzyme is 
demonstrated to cleave DNA having an accessible DNA end on 3' side of recognition 
site. The restriction assays performed in presence of Lac repressor suggest a 
necessary interaction of EcoP 151 restriction enzyme with the DNA end on the 3' side 
of a recognition site before the cleavage reaction. DNA binding proteins such as HU 
are shown to interfere with Type 111 restriction enzyme activity. The results of this 
analysis clearly indicate that Type 111 restriction enzymes might translocate on DNA 
as opposed to translocation of DNA by Type I enzymes. The study provides a clue to 
the possibility of detailed structural and sequence analysis of Type I and I11 enzymes 
(having similar motifs) revealing features dictating DNA versus protein translocation 
by DNA interacting proteins. 
AdoMet and Sinefungin Influence EcoP151 MTase and REase 
Activities 
S-adenosyl-L-methionine (AdoMet) is the major methyl group donor for 
methylation of a variety of biological molecules across the living systems. In DNA 
restriction process, AdoMet is essential or enhances cleavage activity of several types 
of restriction enzymes (REs). Types I and I11 show a requirement for AdoMet to 
cleave DNA. With respect to EcoP15I restriction enzyme, monovalent ions seem to 
alter the requirement for AdoMet under certain reaction conditions. AdoMet enhances 
cleavage activity of Types IIB and IIG. The structural analogues of AdoMet, namely, 
sinefungin (Sf) and AMAB (N4-adenosyl-N4-methyl-2,4-diaminobutanoic acid) also 
support DNA cleavage by Type 111 REs. On the other hand, the activity of several 
DNA rnethyltransferases is inhibited entirely by Sf. 
The results described in Chapter 4 of this thesis demonstrate the drastic effect 
of cofactor AdoMet and its structural analogue sinefungin on EcoP1SI restriction 
enzyme cleavage and methylation activities. Restriction assays performed in the 
presence of 5 pM AdoMet on supercoiled and linear DNA with multiple EcoP15I 
recognition sites show that AdoMet serves as 'DNA topology sensor' for EcoP15I 
restriction enzyme. Exogenous AdoMet favors methylation of head-to-head oriented 
sites, over restriction reaction, on linear DNA and not on supercoiled DNA. On the 
other hand, DNA cleavage in presence of 5 pM sinefungin is found to be site 
independent of orientation of sites. Non head-to-head oriented sites or a single site on 
circular DNA are cleaved efficiently in presence of sinefungin. The site of cleavage 
with respect to recognition site is at 28' nt on the CAGCAG strand and at 26'h nt on 
the CTGCTG strand. Cleavage activity in presence of sinefungin is dependent on 
enzyme concentration. The cleavage is ATP hydrolysis and translocation 
independent, although ATP binding is essential and EcoP 151 methylated sites are not 
cleaved. EcoP15I restriction enzyme in presence of sinefbngin could therefore, 
possibly, serve as an efficient tool to generate unambiguous 'tags' in SAGE assays. 
